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Abstract. The influence of experimental conditions on the formation of ZnO fibers by electrospinning has 
been investigated. The electrospinning of a viscous suspension containing polyvinylpyrrolidone and zinc 
acetate in C2H5OH/H2O produced very long fibers (several hundred μm). Upon calcination a thin deposit 
of precursor fibers at 400 or 500 °C for 1 h the fibers consisting of ZnO nanoparticles were obtained. On 
the other hand, ZnO fibers were not obtained upon heating a thick deposit of precursor fibers at 600 °C for 
6 h. At all three heating temperatures (400, 500 or 600 °C) ZnO nanoparticles with a gradual increase in 
size were produced. The Raman spectrum of ZnO nanoparticles formed at 600 °C showed additional 
bands which were assigned to graphene oxide. It was suggested that in the thick deposit the organic com-
ponent did not burn out completely, i.e., the residual carbon (graphite) transformed into graphene oxide 
for the experimental conditions applied. 




In recent years many researchers have strongly focused 
on the synthesis of zinc oxide (ZnO) particles and their 
properties due to the importance of this material in ad-
vanced technologies, for example in the manufacture of 
photovoltaic devices, LED's, transistors, sensors, varis-
tors, etc. We have systematically investigated1–9 the 
impact of different experimental conditions on the prop-
erties of ZnO powders. In continuation of these works 
we have studied the impact of experimental conditions 
on the formation of ZnO fibers using the electrospinning 
method. Generally, in this electrostatic processing me-
thod the high-voltage electric field is used to form solid 
fibers from a fluid (solution, suspension or melt) injec-
ted through the nozzle (1 mm or less in diameter).  
Some selected works on the ZnO synthesis using 
electrospinning will be cited herein. For example, ZnO 
nanofibers were synthesized by electrospinning and 
tested as sensors for NO2 and CO or NO gases.10,11 ZnO 
nanofibers doped with Cu were tested12 as a sensor for 
H2S and doped13 with Al as a sensor for C2H5OH. The 
sensitivity to C2H2 gas of the electrospun Ni-doped ZnO 
nanofibers was investigated.14 The sensitivity of ZnO-
based sensors is influenced by the specific surface area 
and porosity. These properties can be optimized using 
the electrospinning method.  
The electrical properties of FE transistors based on 
single ZnO or Ga-doped ZnO nanofiber were also inves-
tigated.15,16 The efficiency of organic/inorganic photo-
voltaic devices was improved by using the electrospun 
ZnO nanofibers.17 Electrospun nanofibers forming  
p-type NiO/n-type ZnO heterojunctions were character-
ized by enhanced photovoltaic activity.18 More infor-
mation about the electrospinning method and its capa-
bilities in the production of different fibers is given in 
the book by Ramakrishna et al.19 
The synthesis of ZnO fibers by electrospinning 
depends on various factors, such as the starting zinc salt, 
the type of polymer or solvent, chemical concentrations, 
as well as the physical conditions of the experiment. In 
the present work some of these factors were studied 
with a view to obtaining more data on the formation of 
ZnO fibers by electrospinning. 
 
EXPERIMENTAL 
Chemicals and Sample Preparation 
The following chemicals were used: polyvinylpyrroli-
done (PVP, Mw = 1 300 000) supplied by Alfa Aesar®, 
zinc acetate dihydrate (Zn(CH3COO)2 ∙ 2H2O) supplied 
by Kemika and absolute ethanol supplied by Carlo Erba. 
Twice-distilled water was prepared in own laboratory.  
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Sample S1 was prepared as follows. 3 g PVP was 
dissolved in 50 ml of absolute C2H5OH and 5 ml H2O. 
This was continued by mixing at 350 rpm and 70 °C for 
2 hours. A viscous solution was obtained. 
Sample S2 was prepared by dissolving 3 g PVP  
in 50 ml of absolute C2H5OH and mixing at 250 rpm 
and 60 °C for 2 h. 1.2 g of zinc acetate dihydrate was 
dissolved in 5 ml H2O, then added to the ethanolic 
solution of PVP and additionally mixed at 250 rpm and 
60 °C for 3 h. 
The electrospun fibers (sample S2) were calcined 
at 400 °C for 1 h (S2-400), 500 °C for 1 h (S2-500) and 
600 °C for 6 h (S2-600). Calcination of the electrospun 
fibers was performed in the laboratory oven in air start-
ing from room temperature and kept at the desired tem-
perature for given period of time. 
 
Electrospinning Device and Sample Characterization 
The electrospinning device was homemade. The viscous 
liquid was pressed by air (15 mbar) in a glass tube 
capped with a nozzle (internal diameter 0.8 mm). The 
metallic nozzle was connected to the negative terminal 
of power supply adjusted at 20 kV, whereas the positive 
one was grounded and connected with the aluminium 
plate sized 15 cm × 20 cm. In the electrospinning exper-
iments the aluminium plate was covered with alumini-
um foil for collecting the electrospun material. The 
distance between the metallic nozzle tip and the alumin-
ium plate was 20 cm. The high-voltage auto-reserving 
power supply CZE 1000R manufuctured by Spellman 
(N.Y., USA) was used. The electrospinning unit was 
installed in the plexiglas tube, 100 cm long and 50 cm in 
diameter. 
Raman spectra were recorded using a Horiba 
Jobin Yvon spectrometer (model T64000). The meas-
urement temperature was regulated by a THMS600 unit 
manufactured by Lincam Scientific Instruments. The 
argon laser beam of 514.5 nm was used as excitation 
source. Also used was a Perkin-Elmer FT-IR spec-
trometer (model 2000). The specimen was pressed into 
tablets using a spectroscopically pure KBr matrix and a 
Carver press. ItalStructures XRD diffractometer (model 
APD 2000) was used to identify the phase composition. 
The shape and size of fibers (particles) were inspected 
with a Jeol thermal field emission scanning electron 
microscope (FE-SEM, model JSM-7000F). The FE-
SEM was coupled with an Oxford Instruments EDS/ 
INCA 350 (energy dispersive X-ray analyzer). The 
inspected samples were not coated with an electrically 
conductive layer. Computer program ImageJ was used 
in processing of FE-SEM sample images to obtain parti-
cle size distributions. 
RESULTS AND DISCUSSION 
Figure 1 shows fibers produced by the electrospinning 
of a viscous PVP solution in C2H5OH/H2O solvent 
without Zn2+ ions (sample S1). 
Upon electrospinning of a viscous suspension con-
taining PVP and Zn(CH3COO)2 in C2H5OH/H2O sol-
vent, the fibers, several hundred μm long were produced 
(sample S2; Figure 2a). Figure 2b shows these fibers at 
higher magnification; their diameters measured between 
0.220 and 0.340 μm. Upon their heating at 400 °C or 
500 °C for 1 h the produced fibers consisted of uniform 
ZnO nanoparticles (Figures 2c and 2d). The EDS of the 
selected area showed the atomic ratio Zn:O close to that 
of a stoichiometric ZnO composition (Figure 3a and 
3b). It should be mentioned that these ZnO fibers were 
produced when a thin deposit of the precursor fibers on 
Al foil was used (30 min of electrospinning). On the 
other hand, no ZnO fibers were obtained when a thick 
layer of the precursor fibers (~25 h of electrospinning) 
was heated at 600 °C for 6 h. After short time of elec-
trospinning (30 min) the fibers were formed as a thin 
film on Al foil (substrate), whereas the fibers produced 
after a long time of electrospinning (~25 h) were easily 
delaminated as thick foil. The particles produced at 
600 °C are shown in Figure 4 (sample S2-600), and the 
size distributions of ZnO particles produced at 400, 500 
and 600 °C are shown in Figure 5. These distributions 
show a gradual increase in the average ZnO particle size 
with an increase in the calcination temperature. At  
600 °C the sintering of the particles is also seen. The 
present work demonstrates that the thickness of the 
deposited precursor fibers (short or long time of electro-
spinning) plays an important role in the formation of 
Figure 1. FE-SEM image of fibers produced by electros-
pinning of a viscous solution of PVP in C2H5OH/H2O solvent
(sample S1). 
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ZnO fibers. Figure 6 shows the XRD pattern of particles 
produced at 600 °C (sample S2-600) which can be as-
signed to a hexagonal ZnO phase (wurtzite-type struc-
ture, space group P63mc(186); a = 0.3249 nm, c = 
0.5206 nm; JCPDS card No. 36-1451). 
Figure 7 shows the FT-IR spectrum of sample S2-
600. The spectrum can be assigned to ZnO taking into 
account the result of XRD characterization of the same 
sample. The FT-IR spectrum of sample S2-600 is char-
acterized by an IR band at 444 cm–1 and a pronounced 
shoulder at 486 cm–1. According to Hayashi et al.20 ZnO 
shows three distinct absorption peaks located between 
the bulk TO-phonon frequency (CωTII) and the LO-
phonon frequency (CωL丄). The absorption peaks shifted 
towards lower frequencies when the permittivity of the 
surrounding medium was increased. The IR spectrum of 
ZnO particles may vary from a very broad single band 
over a doublet up to a three-band superposition.21 The 
feature of the IR spectrum of ZnO depends on the geo-
metrical shape of the particles.22 Pandiyarajan et al.23 
prepared ZnO by crystallizing the gel formed by adding 
the NaOH solution to the Zn(NO3)2 solution. The FT-IR 
spectrum displayed an IR band at 444 cm–1. The IR 
band recorded at 454 cm–1 was red shifted up to 427 cm–1 
when ZnO was doped24 with 10 % Co. Kansal et al.25 
synthesized ZnO particles using the hydrothermal pro-
cedure and the corresponding FT-IR spectrum displayed 
an IR band positioned at ~478 cm–1. Sui et al.26 
syntesized hexagonal ZnO prisms using a microemul-
sion containing PVP and these particles showed IR 
bands at 460–500 cm–1 due to Zn–O band vibration.  
Samples S2-400, S2-500 and S2-600 were also in-
vestigated using Raman spectroscopy. Generally, this 
technique is very useful in the characterization of metal 
oxide particles and specifically their surfaces. Damen et 
al.27 interpreted the Raman spectrum of ZnO. Two E2 
vibrations at 101 and 437 cm–1, one transverse A1 at 381 
cm–1 and one transverse E1 at 407 cm–1, one longitudinal 
A1 at 574 cm–1 and one longitudinal E1 at 583 cm–1 were 
reported. Ristić et al.4 recorded the Raman spectra of 
  
  
Figure 2. FE-SEM images of: sample S2 (a), sample S2 at higher optical magnification (b), sample S2-400 showing fibers consis-
ting of uniform ZnO nanoparticles (c), and sample S2-500 showing fibers also consisting of ZnO nanoparticles (d).  
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ZnO nanoparticles produced by the sol-gel procedure 
and found differences in relation to the Raman spectrum 
of large ZnO particles. The Raman band at 392 cm–1 
recorded for ZnO nanoparticles was noticed at 381 cm–1 
with large ZnO particles. The Raman band at 407 cm–1 
noticed with large ZnO particles was shifted to 418 cm–1 
with ZnO nanoparticles. The increase in relative intensi-
ties for the Raman band at 580 cm–1 and the shoulder at 
542 cm–1, including the broadening, was likewise as-
signed to ZnO nanoparticles. The effect of very fine 
SnO2 particles and their aggregation were included in 
the investigation of the corresponding Raman spec-
trum.28 Zhao et al.29 prepared In-doped ZnO particles of 
different morphologies and detected an influence of In-
doping on the feature of the Raman spectra. Stanković 
et al.30 investigated ZnO particles with Raman spectros-
copy and the specific features in the spectra were at-
tributed to the presence of structural defects (oxygen 
vacancies and zinc interstitials).  
The Raman spectra of samples S2-400 and S2-500 
(white films) are shown in Figure 8. These Raman spec-
tra correspond to a pure ZnO phase. 
The Raman spectrum of sample S2-600 is shown 
in Figure 9. Shown in the same figure are the Raman 
spectra of commercial ZnO and graphite as reference 
materials. In the spectral range recorded between 10 and 
800 cm–1 all observed Raman bands are typical of a 
Figure 3. FE-SEM image of sample S2-500 at higher optical
magnification (a) and EDS spectrum of selected area showing
the atomic composition close to stoichiometric ratio Zn:O in
ZnO (b). 
Figure 4. FE-SEM image of ZnO nanoparticles (sample S2-600)
produced by heating sample S2 at 600 °C for 6 h. 
Figure 5. Size distributions of ZnO nanoparticles produced
upon heating sample S2 at 400 °C (sample S2-400), 500 °C
(sample S2-500) and 600 °C (sample S2-600). 
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ZnO phase and their assignations are in line with the 
previous discussion. The Raman band in the spectral 
range 993–1152 cm–1 can be interpreted as the first 
harmonics of fundamental A1(LO) vibrations between 
534 to 659 cm–1 and centered at 581 cm–1 in the present 
case. However, the spectrum of sample S2-600 addi-
tionally showed very broad bands at 1343, 1603 and 
2713 cm–1 which are not present in reference ZnO 
(commercial sample). Since the precursor of the sample 
S2-600 was a thick deposit, a possibility of carbon for-
mation during the calcination of PVP containing fibers 
was supposed.. The ZnO particles of sample S2-600, 
obtained by heating of the thick layer of their precursor, 
were white-gray and this was additional motivation  
to inspect their surface nature. However, the formation 
of graphite as the main carbon-containing phase is  
less likely, because the XRD pattern of sample S2-600 
(Figure 5) showed no intensive diffraction line (002)  
of graphite at 2θ ~ 26.4 °. It is more likely that the for-
mation of graphene oxide (GO) is dominant due to the 
thick precursor deposit and the calcining conditions.  
Generally, graphene possesses a two-dimensional 
(2D) structure consisting of sp2 carbon network with 
one atom thickness. The Raman band at 1343 cm–1 is 
often interpreted as a disorder-induced D band, whereas 
the one at 1603 cm–1 as a graphite band (G). The D band 
 
Figure 7. FT-IR spectrum of sample S2-600. 
Figure 8. Raman spectra of samples S2-400 and S2-500. 
Figure 9. Raman spectrum of sample S2-600. Raman spectra 
of commercial ZnO and graphite as reference materials are 
also shown. 
Figure 6. XRD pattern of sample S2-600. 
320 M. Ristić et al., Experimental Conditions for the Formation of ZnO Fibers by Electrospinning 
Croat. Chem. Acta 87 (2014) 315. 
originates from structural imperfections, as A1g mode, 
and the G band is the first-order scattering in the E2g 
vibrational mode in graphite sheets. Due to the shape of 
D and G Raman bands, shown in Figure 9, they were 
resolved into three bands positioned at 1342, 1510, and 
1615 cm–1 (Figure 10). Evidently, the features of D and 
G Raman bands, as well as the band D' at 1510 cm–1, in 
the present case show a distribution of disorders in more 
GO layers with different participation of the carbon-
oxygen bond. This conclusion is supported by the pres-
ence of a very broad Raman band centered at 2713 cm–1 
(2D, D+G, 2G superposition). 
 
CONCLUSION 
• Electrospinning of a viscous suspension containing 
PVP and zinc acetate in C2H5OH/H2O produced sev-
eral hundred μm long fibers (precursor fibers) 
• Fibers consisted of ZnO nanoparticles were obtained 
on heating a thin deposit of precursor fibers at 400 or 
500 °C for 1 h 
• No ZnO fibers were obtained on heating a thick de-
posit of precursor fibers at 600 °C for 6 h  
• ZnO nanoparticles with a gradual increase in size were 
produced at all three heating temperatures (400, 500 or 
600 °C) 
• The Raman spectrum of ZnO nanoparticles formed at 
600 °C showed additional bands which were assigned 
to graphene oxide. The organic component in a thick 
deposit of precursor fibers did not burn out completely 
at 600 °C and the residual carbon (graphite) trans-
formed into graphene oxide film onto ZnO particles 
for the experimental conditions applied. 
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Figure 10. Deconvolution of D (disorder) and G (graphite) 
Raman bands, characteristic of graphene oxide (GO).  
